Biomedicine is continuously demanding new luminescent materials to be used as optical probes for the acquisition of high resolution, high contrast and high penetration in vivo images. These materials, in combination with advanced techniques, could constitute the first step towards new diagnosis and therapy tools. In this work, we report on the synthesis of long lifetime rare-earth-doped fluoride nanoparticles by adopting different strategies: core/shell and dopant engineering. The here developed nanoparticles show intense infrared emission in the second biological window with a long luminescence lifetime close to 1 millisecond. These two properties make the here presented nanoparticles excellent candidates for timegated infrared optical bioimaging. Indeed, their potential application as optical imaging contrast agents for autofluorescence-free in vivo small animal imaging has been demonstrated, allowing high contrast real-time tracking of gastrointestinal absorption of nanoparticles and transcranial imaging of intracerebrally injected nanoparticles in the murine brain.
Introduction
Fluorescence-based optical imaging utilizes color-encoded emissions (typically in the visible range) from endogenous or exogenous fluorophores to acquire detailed images of organs and tissues as well as subcellular structures to unravel biological complexities. 1 This technique is non-invasive and nonionizing, and allows video-rate imaging with high spatial resolutions not only at the optical microscopy level (sub-micrometre, ca. 250 nm), but also at the optical diffraction-limited level (optical super-resolution, ca. 20 nm). [1] [2] [3] [4] [5] As a result, fluorescence imaging is applied in a plethora of fields ranging from pre-clinical testing and clinical diagnosis, to precise image-guided surgical excision of tumors, and to molecularlevel monitoring of disease progression. [6] [7] [8] [9] [10] [11] [12] However, fluorescence imaging has been limited by the low penetration depth of light into tissues (<1 mm for wavelengths in the visible range of 400-650 nm) and by the autofluorescence of biological tissues. 13, 14 These two problems result in the loss of spatial resolution and the decrease of the signal to noise ratio, and thus in a serious deterioration of the acquired in vivo images. The problem of penetration has been alleviated in the past years, as it has been shown that centimeter-scale imaging depths can be accomplished when shifting both fluorescence and excitation wavelengths from the visible to the near infrared (NIR) optical biological windows, where the absorption of tissues reaches a minimum. The NIR region of 650-950 nm is known as the first biological window (NIR I), while the NIR region of 1000-1350 nm is known as the second biological window (NIR II) (Fig. 1a) . Recent experimental results have demonstrated that using fluorescent labels emitting in NIR II instead of NIR I result in an improved contrast and imaging depth due to the reduction of light scattering, 15, 16 which scales as λ −α , where λ is the wavelength and α has a value from 0.2 to 4 depending on the composition of the tissue. 17 Therefore, a range of fluorescent materials with excitation in NIR I and emission in NIR II have been developed and tested for small animal imaging. These materials span from small organic NIR fluorescent dyes to inorganic nanoparticles (NPs), such as carbon nanotubes, 18 rare earth doped nanocrystals, 19 and NIR quantum dots [20] [21] [22] (among them, Ag 2 S quantum dots can be highlighted), 23, 24 enabling through-skull fluorescence imaging of the murine brain with sub-10 μm resolution. 16 Yet, even in NIR II, infrared-excited autofluorescence from tissues remains substantial, as some biological components show non-negligible emissions beyond 1000 nm, resulting in a dramatic reduction of the image contrast. 13 Optical probes with longer emission wavelengths (>1300 nm) can help improve the contrast by minimizing spectral overlap with autofluorescence; however, such probes remained rare. Time-gated optical imaging is an established stroboscopic technique, which can eliminate the nuisance of autofluorescence by exploiting the long lifetime of emissions from optical probes (∼µs-ms) against the short lifetime (∼ns) of tissue autofluorescence. [25] [26] [27] [28] Despite their spectral overlap, the difference of emission profiles in the time domain allows a straightforward removal of the autofluorescence background by capturing images in a time window that excludes the unwanted natural emissions from tissue endogenous luminophores (Fig. 1b) . 28, 29 This technique employs periodic laser pulses to perform light excitation, while the excitation train of pulses is synchronized, but with a precisely defined time delay (longer than the lifetime of the autofluorescence), with the activation of the camera. It has been shown that time-gated imaging, with long lifetime lanthanide complexes (typically containing europium or terbium), can allow high contrast fluorescence microscopy imaging of cells in the visible range. 30 Moreover, in combination with the long emission lifetime (5-13 μs) of porous silicon nanoparticles, time-gated optical imaging enables a >20-fold improvement of the signal to background contrast ratio in vivo when imaging with photoluminescence (600-900 nm) in the NIR I window. 29, 31 Despite these advantages, the use of time-gated techniques for in vivo optical imaging in the NIR II window remains elusive, because most NIR II luminophores have emission lifetimes commensurate with that of autofluorescence, significantly limiting their usefulness in this regard. Lanthanide-based luminescent nanomaterials constitute an emerging class of promising biolabels for in vivo time-gated optical imaging in NIR II. This is because lanthanide ions have not only abundant energy levels in the infrared range, but also typically long emission lifetimes (on the order of 10 −4 -10 −3 s). 32, 33 Moreover, their advantages of characteristic narrow excitation and emission bands, absence of photobleaching, and no known significant toxic effects neither in in vivo nor in in vitro, make them perfect as biolabels for optical bioimaging in the time domain. 28 lying right across the NIR I and NIR II windows (Fig. 1a) . 42, 43 Moreover, the incorporation of Yb 3+ ions in crystallized materials typically results in emission lifetimes of hundreds of microseconds, several orders of magnitudes above the autofluorescence lifetime. 44 Both features make Yb 3+ ion-con- 
Experimental
All synthesis, characterization, and imaging details are described in detail in the ESI. † All in vivo experiments carried out in this work were approved by the Ethics Committee from Universidad Autónoma of Madrid (CEIT) in the frame of the project MAT2010-21270-C04-01 supported by the Spanish Ministerio de Economía y Competitividad. 
Results and discussion
We first explored the possibility of obtaining long luminescence-lifetime NPs in single core NPs. We selected tration of lanthanides to further enhance the absorption of excitation light at 800 nm and increase the number of emitters for higher luminescence intensity. Recent results show that a core/shell structure is able to prevent the migration process of excited energy from lanthanide dopants to surface quenching sites, which mediates in part the lanthanide cross relaxation induced concentration quenching effect. 53 As a result, a core/ shell structure is crucial for high lanthanide doped NPs, along with the suppression of surface-related quenching.
In the case of the core/shell NPs, NaYF 4 :Yb 3+ ,Nd 3+ NPs were used as seeds for the epitaxial growth of an inert calcium fluoride (CaF 2 ) shell (Fig. 2d) . CaF 2 was chosen as the shell layer because it has a low lattice mismatch with the core, broad spectral range of optical transparency and high stability in aqueous environments; additionally, because its constituents (calcium and fluoride ions) are common components of biological tissues, which can enhance the biocompatibility of the resulting core/shell NPs. 54 Both the (Fig. 2e) . The obtained core/ shell NPs are monodisperse with a uniform, cubic shape, having an average size close to 9 nm. The X-ray diffraction (XRD) patterns indicate that both the core and the core/shell structures are of the cubic crystallographic phase (Fig. S2 †) . All the XRD peaks are consistent with the standard patterns of α-NaYF 4 (JCPDS No. 77-2042) and CaF 2 (JCPDS No. 77-2096). Energy-dispersive X-ray (EDX) spectra confirm the presence of Ca in the core/shell structure, suggesting the successful preparation of the designated NaYF 4 :Yb 3+ ,Nd 3+ @CaF 2 core/shell NPs (Fig. S3 †) . The absorption spectrum of the core/shell NPs (Fig. S4 † ions was observed in those NPs doped with a high lanthanide concentration. Note that the excitation spectrum of the core/ shell NPs presents three emission peaks centered at 750, 800 and 860 nm, which matches well with the absorption peaks of Nd 3+ ions (Fig. S4 †) . This spectral match unequivocally demonstrates the possibility of Nd 3+ → Yb 3+ energy transfer processes, thus enabling the excitation of core/shell NPs through Nd 3+ absorption in the NIR I window (Fig. 2f ) . 55, 56 Fig. 2f also includes the emission spectrum from the corresponding core NPs. It is evidenced that the addition of an inert CaF 2 shell results in a 45 times increase in the emission intensity. This can be attributed to the reduction of surface lattice defects of the core nanocrystals that act as luminescence quenchers, as well as to the decrease of nonradiative interactions between surface lanthanide ions and luminescence quenchers from the surrounding environment (solvents, ligands, etc.), created by the spatial isolation of the epitaxial shell (Fig. 2d) . 57, 58 To probe the impact of the absorption-enhanced fluorescence and to optimize the energy transfer between Nd
3+
and Yb 3+ ions, we investigated the concentration effect of sen- intensity. However, a decrease in the emission intensity is observed if the Nd 3+ doping level is further increased (50% and 80%) (Fig. S6 †) . No significant changes in the shape of the emission spectrum were observed, revealing a minimum distortion of the crystalline field of the host lattice (NaYF 4 59 Additionally, the reduction of ytterbium emission at high doping levels could also be due to the activation of concentration quenching effects as described in the literature. 60 The optimal doping levels for Yb 3+ ions, as opposed to the result achieved with the co-doping approach. Moreover, the interesting NIR II emission at 1000 nm is about 10 times weaker than that of the co-doped NaYF 4 :10% Yb 3+ @CaF 2 :30% Nd 3+ core/shell NPs (Fig. S9 †) .
This result confirms the importance of positioning both Nd
and Yb 3+ ions in the core of a core/shell structure to produce a strong NIR emission at 1000 nm. Prior to their application in time-gated in vivo imaging experiments, the optimal core/shell NPs (NaYF 4 :10% Yb 3+ ,30% Nd 3+ @CaF 2 ) were provided with dispersibility in aqueous media by replacing the oleate molecules present on the surface of the NPs with poly(acrylic acid) (PAA, MW = 18 000). The procedure is described in detail in the ESI. † The Fourier transform infrared (FTIR) spectra of the as-synthesized and modified NPs (Fig. S10 †) showed an increased intensity of the band at 1724 cm −1 (that can be assigned to -CvO groups) demonstrating that a large amount of COOH groups had been added to the core/shell NP surface. This is further supported by the increased intensity of the band at 3454 cm −1 (3100-3600 cm −1 , OH groups), and the decreased intensity of the band at 2927 cm −1 (CH 3 groups). This indicates a successful replacement of the original oleic acid ligand by PAA. In addition, the hydrodynamic size of the PAA-coated core/shell NPs was evaluated to be about 37 nm using dynamic light scattering (DLS) (Fig. S11 †) , much larger than the size shown in the TEM (∼9 nm) image. This larger size can be attributed to the presence of PAA in contact with the aqueous environment, evidencing the successful ligand transfer, and demonstrating that, even after the ligand transfer, the NPs are small enough for biological applications. The emission intensity from the water-dispersible core/shell NPs was about two times lower than that from the hexane-dispersed form (Fig. S12 †) , which could be attributed to the imperfectness of the shell and the existence of a large amount of -OH groups (a high phonon energy of ∼3500 cm −1 ) in water, resulting in the non-radiative depopulation of the 2 F 5/2 state of Yb 3+ ions. 61 The cytotoxicity of the NPs was evaluated via a methyl thiazolyl tetrazolium (MTT) assay on HeLa cells, which indicated no significant effects of the NPs on cell viability (Fig. S13 †) .
To evaluate the suitability of the NPs for time-gated imaging in the second biological window, the decay curve of the NIR II emission at 1000 nm (corresponding to the 2 F 5/2 → 2 F 7/2 transition of Yb 3+ ions) from both types of NPs was acquired (Fig. 3) . The decay curve could be fitted to a single exponential giving a value of τ = (1350 ± 50) µs for the NaGdF 4 :2% Yb 3+ ,3% Nd 3+ ,0.2% Tm 3+ NPs (Fig. 3a) . This extremely long lifetime makes these particles an ideal fluorophore for time-gated imaging, as the detection can be delayed without observing a decrease in the emitted intensity from the NPs (for a delay of 1 µs the remaining signal will be 99.93% of the original signal). In good agreement with the observed emitted intensity, the lifetime of the NaDyF 4 :2% Yb 3+ ,3% Nd 3+ ,0.2% Tm 3+ NPs was τ = (55 ± 5) µs (Fig. 3a) (Fig. 3b) . Note that the significant difference of the lifetime for the NaGdF 4 :2% Yb 3+ ,3% Nd 3+ ,0.2% Tm 3+ and NaYF 4 :10% Yb 3+ ,30% Nd 3+ core NPs is due to both particles having a distinct concentration of lanthanide dopants. We also compared the emission intensity of the core/shell NPs developed in this work with that of commercial Ag 2 S NPs, whose emission band lies at around 1230 nm (Fig. S14 †) , and which constitute one of the few probes available for high contrast imaging in the second biological window. 62, 63 For an equi- valent concentration of NPs in the aqueous dispersion (10 mg mL −1 ), our optimized core/shell NPs present a much brighter emission signal than Ag 2 S NPs. In addition, the short lifetime of Ag 2 S NPs (tens of nanoseconds) does not allow their application in time-gated imaging, as is demonstrated in Fig. S15 , † in which a delay time of 10 µs is enough to eliminate the fluorescence signal generated by Ag 2 S NPs. The absolute quantum yield of our core/shell NPs was estimated to be ∼11 ± 1% using an integrating sphere method, which is much higher than the emission quantum yield of Ag 2 S of 0.15-4.7%. 64, 65 This is in agreement with the observed comparison of emission brightness.
Their excellent optical properties led us to test both types of NPs for autofluorescence-free time-gated imaging. In particular, NaGdF 4 :2% Yb 3+ ,3% Nd 3+ ,0.2% Tm 3+ NPs were tested for real-time tracking of the distribution of NPs after an oral administration of 200 µL of a 4 mg mL −1 dispersion of NPs in water. To test the NPs under the most adverse conditions, C57BL/6 mice were used, as they present a very intense autofluorescence due to the skin pigmentation. 13 This can be seen in Fig. 4a , which shows the ventral fluorescence image of a mouse immediately after NP administration and without applying any delay. The strong autofluorescence caused by the skin pigmentation of the animal is clearly observed, together with a strong signal coming from the abdomen, which can be attributed to the autofluorescence of the animal's diet and the liver. Once a delay of 1 µs is applied (Fig. 4b) , the signal generated by the NPs can be easily localized and isolated from the autofluorescence signal. To obtain these images, only one accumulation with an integration time of 30 ms was required, which makes this system compatible with real-time NP tracking. In particular, we monitored the transit of the administered NPs from the stomach to the intestine, as shown in Fig. 4c and d . Two combined effects can be observed over time: first, as the NPs are deposited at the bottom of the stomach, the fluorescence signal displaces up and to the left, in the direction of the duodenum; and second, once the NPs have reached the exit of the stomach, the intensity decreases. This decrease in the intensity indicates the progressive transit of the NPs to the intestine. In the particular case shown in Fig. 4c , it took around 75 minutes for the majority of the NPs to exit the stomach. The lack of signals from the intestine indicates that the NPs are rapidly absorbed at the beginning of the tube. Fig. 4d shows a color-coded time-lapse image composed with the images shown in Fig. 4c . The images have been generated by overlapping the position of the maxima of fluorescence in a different color for each time. The figure indicates that the fluorescence signal is initially (reddish color) located at the bottom of the stomach, whereas later (greenish color) the NPs are concentrated in an upper-left position, which matches the position of the valve that connects the stomach to the duodenum. The ex vivo study of the organs confirmed that most of the NPs had abandoned the stomach, as only a weak emission was registered in that organ, and that the NPs had been absorbed in the intestine, as no signal from the NPs could be observed (Fig. S16 †) . The importance of this study stems from the fact that the transit time of substances from the stomach to the intestine, and subsequently, to the bloodstream, depends on many factors that cannot be externally controlled (e.g. the amount of food present in the stomach or the level of activity of the animal can affect the speed of the process). 66, 67 The transit rate, in turn, has a strong influence on the absorption of orally administered drugs as, among other reasons, it determines the concentration of the drug in the plasma and its bioavailability. 68 Our approach provides a powerful alternative to the models and simulations that are usually employed to study gastrointestinal transit, 67, 69 because it allows real time tracking of the NP distribution thanks to their fluorescence. A different set of experiments, also designed for their potential of autofluorescence-free in vivo imaging, was performed with the NaYF 4 :10% Yb 3+ ,30% Nd 3+ @CaF 2 NPs. In this case, the core/shell NPs were first used for in vivo autofluorescence-free time-gated imaging. In our experiment, we compared the NIR fluorescence images obtained for a C57BL/ 6 mouse subcutaneously injected with our core/shell NPs and a control mouse (to which no NPs were administered) when no delay between laser pulse and image collection was applied and when a 1 µs delay time was applied (Fig. 5a ). In the absence of any time delay, a strong background of autofluorescence is evidenced in both control and injected mice. Indeed, the autofluorescence-related background is so strong that it is difficult to elucidate the position of the injection, whereas an introduction of a time delay leads to a complete removal of the autofluorescence background, making it possible to trace clearly the location of the subcutaneous NP injection in the mouse. These images unmistakably indicate the capability of time-gated imaging for complete elimination of the autofluorescence background in the NIR. This is useful not only to avoid skin autofluorescence, but also to avoid undesirable organ autofluorescence, which can be affected by animal diet. In Fig. 5b , it is shown that the NIR emission signal generated by a food pellet can be successfully removed using time-gated imaging. When no decay is established, the foodstuff displays a weak but non-negligible emission signal, which disappears when time-gated imaging is applied. Then, the core/shell NPs were used for transcranial fluorescence imaging. To do so, the core/shell NPs were directly injected into a CD1 mouse brain, as indicated in Fig. 6a . The mouse was injected intracerebrally with 100 nL of a dispersion of NaYF 4 :10% Yb 3+ ,30% Nd 3+ @CaF 2 NPs. The extremely low volume of NPs that can be injected into the brain to avoid adverse effects makes it of paramount importance to increase the contrast of the image by eliminating any nonspecific background such as that generated by autofluorescence of the eyes. In particular, when dealing with head and brain imaging, the NIR fluorescence signal is hindered by the autofluorescence emission of the eyes in both NIR I and NIR II windows, which can be attributed to the presence of melanin. This is evidenced in Fig. 6b , where the NIR image (obtained under continuous wave 808 nm excitation) of a mouse with an intracranial injection of our infrared emitting core/shell NPs is shown. As shown in Fig. 6c , the autofluorescence emission at the eye can be completely eliminated by performing time-gated imaging with a time delay of 1 µs, allowing for a straightforward localization of the NPs inside the brain. As was the case for orally administrated NPs, the image shown in Fig. 6b corresponds to a single accumulation with a 30 ms integration time. This indicates the adequacy of our strategy for performing autofluorescence-free real time monitoring of brain structures and processes even at very low NP amounts. The results included in Fig. 6 open the way for the use of rare-earth-doped NPs for brain imaging as the basis of advanced cerebral studies.
Conclusion
In conclusion, we have developed two different approaches for obtaining NPs with intense luminescence and long fluorescence lifetime in NIR II. First, the effect of the selection of dopants to optimize the energy transfer processes and the obtained NaGdF 4 :2% Yb 3+ ,3% Nd 3+ ,0.2% Tm 3+ NPs (∼13 nm) with a bright emission at 980 nm and a lifetime of 1.3 ms was explored. Second, we synthesized sub-10 nm monodisperse core/shell NaYF 4 :10% Yb 3+ ,30% Nd 3+ @CaF 2 NPs with high dopant concentrations, which show a strong NIR II emission at 1000 nm with a long lifetime close to 1 millisecond. The advantages of core/shell engineering and selective doping were systematically investigated, allowing for a fine optimization of the fluorescence properties. The possibility of efficient optical excitation in NIR I and bright emission in NIR II with fluo- rescence decay times around 1 millisecond (orders of magnitude longer than that of tissue autofluorescence) makes our NPs superior candidates for high penetration, autofluorescence-free in vivo NIR imaging using a time-gated approach. This was experimentally demonstrated through the performance of simple but conclusive in vivo experiments in murine models: real-time tracking of gastrointestinal absorption of orally administered NPs and transcranial autofluorescence-free imaging of intracerebrally injected NPs. This fact, coupled with their outstanding brightness, which surpasses that of commonly used NIR-emitting Ag 2 S nanoparticles, makes our NPs great candidates as contrast agents for high-contrast deep tissue bioimaging in the time domain.
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